Accepted for publication in the ApJ 

Preprint typeset using IAT^X style emulateapj v. 14/09/00 



MAGNETIC ENERGY OF THE INTERGALACTIC MEDIUM FROM GALACTIC BLACK HOLES 
P. P. Kronberg 1 , Q. W. Dufton 1 , H. Li 2 and S. A. Colgate 3 

Accepted for publication in the ApJ 

ABSTRACT 

We present a quantitative analysis of two radio source samples having opposite extremes of ambient gas 
density that leads to important new conclusions about the magnetic energy in the intergalactic medium 
(IGM). We analyze here (i) a new, large sample of well imaged "giant" extragalactic radio sources that are 
found in rarified IGM environments and (ii) at the other extreme, radio galaxies situated in the densest 
known IGM environments, within 150 kpc of rich cluster cores. We find that sources in the former 
sample contain magnetic energies Eb ~ 10 60 ~ 61 ergs and could be viewed as important "calorimeters" 
of the minimum energy a black hole (BH) accretion disk system injects into the IGM. In contrast to 
the radiation energy released by BH accretion, most of the magnetic energy is "trapped" initially in a 
volume, up to ~ 10 73 cm 3 , around the host galaxy. But since these large, Mpc scale radio lobes are 
still overpressured after the AGN phase, their subsequent expansion and diffusion will magnetize a large 
fraction of the entire IGM. This suggests that the energy stored in intergalactic magnetic fields will have 
a major, as yet underestimated effect on the evolution of subsequently forming galaxies. Comparison 
with the second, cluster core-embedded sample shows that the minimum magnetic energy Eb can be 
a strongly variable fraction of the inferred accretion energy E acc , and that it depends on the ambient 
IGM environment. Cluster embedded AGNs inject significant energy as PdV work on the thermal ICM 
gas, and their magnetic energy, even ignoring the contribution from stellar and starburst outflows, is 
sufficient to account for that recently found beyond the inner cores of galaxy clusters. We discuss the 
various energy loss processes as these magnetized CR clouds (lobes) undergo their enormous expansion 
into the IGM. We conclude that the aggregate IGM magnetic energy derived purely from galactic black 
holes since the first epoch of significant galaxy BH formation is sufficiently large that it will have an 
important influence on the process of both galaxy and visible structure formation on scales up to ~ IMpc. 

Subject headings: Magnetic Fields — Radio Lobes — Faraday Rotation 



1. INTRODUCTION 

Advances in observational techniques have revealed the 
widespread existence of magnetic fields in the Universe 
[see Kronberg (1994) for a review]. Important questions 
at this point are how strong are the magnetic fields as de- 
rived from current observations, how widely are they dis- 
tributed, where are they seeded, where and how are they 
amplified, and how much do they contribute to the en- 
ergy budget of the intergalactic medium? It was pointed 
out over 30 years ago (Burbidge 1956; 1958) that a sin- 
gle galaxy releases a very large magnetic energy — up to 
~ 10 61 ergs, and that gravitational energy is the only feasi- 
ble source (Hoyle et al. 1964, Burbidge & Burbidge 1965). 

An excellent review by Begelman, Blandford, & Rees 
(1984) made a strong case for accretion on the central su- 
permassive black holes as the energy engine for the pow- 
erful radio sources. Further progress has been made to- 
ward answering some of these questions (e.g., Bridle & 
Per ley 1984; Wan, Daly, Guerra 2000), and this paper 
presents a new analysis which focuses on AGN-fed, ex- 
tended radio sources and their immediate intergalactic en- 
vironment. The analysis supports recent arguments (Col- 
gate & Li 1999; 2000; Colgate, Li, & Pariev 2001) that a 
strong feedback effect might exist on the dynamics of the 
intergalactic medium (IGM) from the formation of super- 



massive black holes. A significant fraction of the energy 
released during these formation events could have been di- 
rectly converted into magnetic field energy and magnetic 
flux, which are injected into extragalactic space. 

The fact that extragalactic radio sources are seen in 
synchrotron radiation enables an approximate calculation 
of the minimum energy contained in the sources' mag- 
netic fields and relativistic particles. The jet-lobe mor- 
phology and commonly high polarization degree confirm, 
respectively, that the energizing source is at the host 
galaxy/quasar nucleus, and that the largest field ordering 
scales are comparable to, or greater than a galactic dimen- 
sion. This latter fact sets constraints on the magnetic field 
generation process. 

Recent Faraday rotation (RM) measurements, in com- 
bination with X-ray bremsstrahlung data have provided 
complementary probes of the strength and structure of 
magnetic fields outside of radio sources, but within the 
wider ambient hot thermal gas in galaxy clusters (cf. Kim 
et al. 1989; 1990; Taylor & Perley 1993; Feretti et al. 1995; 
Eilek 1999; Clarke, Kronberg, & Bohringer 2001). These 
studies, which used polarized synchrotron-emitting sources 
inside and/or behind clusters, have shown (Taylor & Per- 
ley 1993) that the central density-enhanced "cooling flow" 
regions (r < 150kpc) have magnetic fields up to ~ 40/iG, 
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with coherence scales up to ~ 50 kpc. The most recent 
and definitive RM — X-ray probe of the wider cluster ICM 
(r < IMpc) beyond any cooling flow zones by Clarke et 
al. (2001) used a combination of background and cluster- 
internal radio sources to show that much of a rich galaxy 
cluster's volume out to r = 500kpc is magnetized to a 
level of 5^.G or more, implying a total cluster ICM mag- 
netic energy of E B ~ 1.5 x ltf\ m ^-f( 1 JL n f ft" 2 ergs. 
Given that cooling flows, to the extent they occur, are a 
later phenomenon of a cluster's history, this result shows 
that galaxy clusters have been significantly, and previ- 
ously, magnetized by processes other than cooling flows. 
We will offer an explanation for this important new result. 

The important role of magnetic fields in clusters is also 
clearly demonstrated by the interaction between radio 
galaxies and their surrounding ICM, as revealed by recent 
Chandra observations. Large cavities in the X-ray emit- 
ting gas correspond strikingly with the radio-bright lobes 
of the radio galaxies in Hydra A (McNamara et al. 2000) 
and in the Perseus cluster (Fabian et al. 2000). In both 
cases, an energy of at least ~ 10 59 ergs is needed in order 
to displace the X-ray gas via PdV work. This energy is 
presumably supplied by the expanding magnetized radio 
lobes, and hence originated in the galaxy's nucleus. 

In this paper, we have analyzed ~ 100 powerful extra- 
galactic radio galaxies. We use them as indicators of the 
minimum net amount of magnetic energy, hence total en- 
ergy that comes from a galactic black hole/accretion disk 
system. Since extended extragalactic radio sources really 
form a continuous distribution in many ways, we have cho- 
sen two categories with contrasting extremes of external 
ambient IGM pressure. These are: 

(i) sources with large projected linear size, > 
670 hj^ kpc, most of which are likely to be in a rarefied 
IGM environment. They are referred to as "giant" sources, 
and we have compiled here a substantial list of ~ 70 such 
sources, largely from the Northern Hemisphere, that are 
currently known and well imaged. 

(ii) ~ 30 sources located in the densest known IGM en- 
vironment — within ~ 150 kpc of the cores of rich clusters. 
We refer to them as "cluster sources" in this paper. 

We argue that these giant sources can be used as the 
best "calorimeters" for the minimum amount of magnetic 
energy that galactic black holes have injected into inter- 
galactic space since the cosmological epoch at which galac- 
tic black holes began to form. 

We will conclude by showing that energies and mag- 
netic flux injected into intergalactic space support recent 
work by Colgate & Li (1999; 2000) and Colgate, Li, & 
Pariev (2001), who proposed a mechanism for extracting 
the very large accretion energy of the commonly occurring 
~ 10 8 M Q galactic black holes and releasing it directly into 
large intergalactic volumes. We briefly discuss some of the 
implications for galaxy formation, the physics of the IGM 
and cosmic magnetic fields. 

2. MAGNETIC ENERGY IN RADIO GALAXIES 

2.1. Data Compilation 

In Table 1, we compile approximate estimates of the 
minimum total energy E^j n (magnetic fields plus rela- 
tivistic particles) and the minimum magnetic field B min E 
for a sample of well— imaged extragalactic radio sources 



from the recent literature that have a projected largest 
linear size (LLS, from lobe to lobe) of ~ 0.67 Mpc 
or greater. The source volumes were estimated assuming 
a cylindrical source shape, where the length and radius 
of the cylinder are estimated based on the projected di- 
mension as measured from the lowest reasonable contours 
from the radio images. We used the angular size distances, 
Da = Dl/(1 + z) 2 , Dl being the luminosity distance. 

These giant radio sources were primarily identified from 
three recent compilations of source data and images: Nils- 
son (1997), Ishwara- Chandra & Saikia (1999), and Schoen- 
makers et al. (2000a). Some additional sources in Tabic 1 
are taken from other papers if they qualified as giants on 
our criterion. Spectral indices, flux densities and other ob- 
servable parameters were cither obtained from the above 
primary sources, or from other articles identified in the 
table. The images used to derive the numbers in Table 1 
were at frequencies between 0.15 and 5 GHz, and where 
possible we also inter-compared radio images at lower and 
higher frequencies within this range. In all such cases the 
results were found not to be significantly dependent on the 
frequency of the radio image used to calculate E^j n . The 
minimum total energy E^j n within a synchrotron-emitting 
volume (V) containing relativistic particles and magnetic 
field can be expressed in terms of the measurables, lumi- 
nosity and volume 
/ o \ 3/7 

*%L = [£) C^(l + kf/\4>V? /7 L*n ergs, (1) 

where we have approximately followed Pacholczyk (1970). 
Here, k is the relativistic proton to electron energy ratio, </> 
the volume filling factor of the synchrotron emission, L the 
integrated radio luminosity, calculated between fixed fre- 
quencies {yx^v-i) = (10 7 , 10 10 Hz) in the emitted frame and 
z-corrected to the emitted frame, and C is a slowly vary- 
ing function of a , v\ , v-i , where a is defined by S oc v a , 
and S is source's spectral flux density. Because the radiat- 
ing volumes reveal a characteristic filamentary structure, 
we conservatively adopted a global effective filling factor 
<p =0.1. Note that the total and magnetic energies are 
only mildly sensitive to <fi. The total energy is minimized 
when the magnetic field associated with the synchrotron 
radiation has the value 

B minE = (6^) 2 / 7 (l + fc) 2/7 C^^Vr^L 2 ' 7 G, (2) 
again following the terminology of Pacholczyk (1970). Our 
calculations of Ej%j n and B m i n E assume k = 100, which is 
close to the measured value for Galactic cosmic rays. The 
estimated E%£ n and B min E will be reduced by a factor 
of ~ 14 and ~ 4, respectively, if k — is used. Further- 
more, using 0=1 will increase E^\ n by a factor of 2.7 but 
decrease B minE by 2. 

The integrated flux densities for each source were 
checked against standard compilations of flux densities to 
test if the image used contained a substantial fraction of 
the source's entire synchrotron luminosity. Where sub- 
stantial differences were noted alternative images were se- 
lected. The source volume estimates (col. (6) of Table 
1) were based on the most sensitive available image, and 
Ho = 75, = 1. The volume, hence total energy and mag- 
netic field estimates in Table 1 must be interpreted as only 
global, approximate estimates for any given source, since 
an optimally precise calculation of E^j n and B min E would 
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require a detailed integration over an assumed 3-D emissiv- 
ity distribution. This is not possible to do in a consistent 
way at present, given the inhomogencity of the currently 
available sample. Our global estimate of the uncertainties 
are ~ ±30% for E^j n . Such errors do not include system- 
atics such as (a) the unknown projection angle of a given 
source into the plane of the sky, or (b) any undetected 
"halo flux" — both of which could systematically increase 
our estimates of E^j n by an unknown but potentially large 
amount (e.g. the extended halo around M87). 

Table 2 lists the same measured and calculated quanti- 
ties as in Table 1, but is restricted to extended radio galax- 
ies that are located within 150 kpc (projected) of the cores 
of rich galaxy clusters (see Table 2 for references). These 
cluster sources include some very well-studied sources, for 
some of which there arc not only detailed images of the 
synchrotron radio emission, but also of Faraday rotation 
and detailed recent X-ray images from the ROSAT and/or 
Chandra satellites. Such cases allow both the sources and 
their cluster environments to be independently probed; 
That is, we can compare the energy in the synchrotron- 
emitting cosmic ray gas magnetic fields with that of the 
ambient thermal ICM. Where possible, the cluster source 
morphologies were compared in detail with recent X-ray 
images. The latter show a striking effect, namely that the 
bremsstrahlung-emitting ambient intracluster gas gets dis- 
placed by the cosmic ray gas of the radio lobes. Recent ex- 
amples are the depressions in the (projected) X-ray surface 
brightness that clearly coincide with the periphery of radio 
lobes of Hydra A (McNamara et al. 2000) and the arcmin- 
scale lobes of Perseus A (3C84) (Fabian et al. 2000). In 
addition, there have been a half dozen or so detections of 
X-rays from knots/jets (e.g., Wilson, Young, & Shopbcll 
2001), which sometimes allow an independent measure, or 
limit for the magnetic field strength. In general we find 
our equipartition field strength is roughly consistent with, 
or slightly lower than these estimates. 

2.2. IGM Energy Supply from Radio Sources outside of 
Rich Clusters 

It is widely believed that the energy contained in ex- 
tended radio galaxies is supplied by the central supermas- 
sive black hole. The average estimated E^j n for the "gi- 
ant" sources reaches ~ 10 61 ergs, which is a significant 
fraction of the gravitational energy released during the for- 
mation of supermassive black holes in the centers of these 
active galaxies (i.e., ~ 10 62 ergs for a 10 8 M Q black hole). 

2.2.1. E^j n as a minimum estimate for the total black 

hole energy 

It is important to realize that the observed magnetic 
energy in radio sources will understate the true total mag- 
netic energy released by the accretion onto black holes. 
Some additional energy will have been lost through vari- 
ous processes as magnetic fields are transported from near 
the black hole (size of <~ AU) to the lobes (~ Mpc). Fur- 
ther, after the energy has been deposited from the jet 
into the lobes, the relativistic particles will lose energy 
through radiative cooling by (i) inverse-Compton and (ii) 
synchrotron radiation losses, as well as by possible (iii) ion- 
ization losses and (iv) particle escape. In addition, given 
the very large volumes of these sources, some unknown 



amount of (v) PdV work, and (vi) whatever free expan- 
sion energy will have been expended by the time we ob- 
serve the source. To these unquantified additions to the 
BH energy release, we must further augment the calculated 
minimum energies in Tables 1 and 2 by an increase to V 
due to deprojection and also due to any faint undetected 
synchrotron halo volumes that the limited sensitivity of a 
radio map may not have revealed — as mentioned above. 

In addition, as stated above, these minimum energies 
are presumed to be half magnetic, the remaining half be- 
ing either 49.5% protons of any energy and 0.5% electrons 
of gamma = 10 4 to 10 5 (10 to 100 Gev), or all electrons of 
this energy. These energetic particles are accelerated by 
an unknown mechanism, and it is important to note that 
the total energy in a giant radio source is ~ 10 7 greater 
than the same CR's within our Galaxy. The efficiency of 
acceleration may be much less in many cases and thus the 
magnetic fields correspondingly larger. 

Finally, our adopted ^2=10GHz, hence L (col. (5)) can 
be demonstrated to be conservatively low for some sources, 
which are known to radiate above 10GHz. Thus any or all 
of the foregoing energy losses and systematic energy un- 
derestimates will not be represented in our E^j n tabulated 
in col. (7), so that these values will tend to understate the 
true total energy released by the AGN black hole/ accretion 
disk. The important point is that they are firm lower lim- 
its. The giant radio sources, as we shall demonstrate be- 
low, have accumulated the largest amount of cosmic ray 
and magnetic energy outside of the parent galaxy. We 
will argue that they are especially well suited as probes, 
or "calorimeters" of the accumulated black hole magnetic 
energy released into the IGM space over the source's ra- 
diative lifetime. Because such sources last only a frac- 
tion, < 1%, of a Hubble time, they are important fiducial 
systems for calculating the total magnetic energy of the 
mature Universe. 

The typical volume occupied by the lobes of a single 
galaxy in Table 1, is <~ 10 72 ~ 73 cm 3 , a fraction of Mpc 3 . 
Even at these large volumes, these lobes appear to be over- 
pressured compared to the surrounding medium. This is 
indicated by our estimates of the mean minimum magnetic 
field strengths, ~ 5/iG, corresponding to magnetic pres- 
sures <~ 10~ 12 dyn cm -2 that are much higher than the 
typical thermal pressure of the IGM — ~ 10 _15 n_ 5 T 6 dyn 
cm~ 2 for an assumed mean IGM density of 10~ 5 cm" 3 and 
a temperature of 10 6 K. These giant radio lobes are there- 
fore expected to expand further, occupying even larger vol- 
umes as they evolve. The details of this volume filling 
process are yet to be understood. 

2.2.2. Magnetic energy as "captured" energy release from 
galactic black holes 

It follows from the above discussion that a substantial 
fraction of the energy stored in extended extragalactic ra- 
dio sources is probably in the form of magnetic energy. 
This presents a quite different picture from other forms of 
energy release, such as the intense radiation from AGNs. 
Apart from ionizing the medium, the radiation energy 
quickly loses its dynamical impact when the surrounding 
medium becomes optically thin. For magnetic fields, how- 
ever, most of its energy has been retained/confined within 
a large volume (large compared to its "engine" size but 
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much smaller than the volume radiation would have filled) 
for a significant fraction of cosmic time. An important 
consequence of outward transported magnetic fields is that 
this energy remains dynamically important perhaps for the 
age of the Universe, thereby providing a much stronger in- 
teraction with the surrounding matter than the radiation 
will have. 

2.3. Comparison of the Energy Content of "Giant" and 
"Cluster" Sources 

Figure 1, in which we separate the "giant" and "clus- 
ter" sample, shows the interrelations between the quanti- 
ties tabulated above. The plot of size LLS vs. luminosity 
L in Fig. 1(a) shows that the average radio luminosity 
for cluster radio sources is generally lower than that of 
the "giant" sources, although there is considerable over- 
lap. Although the non-cluster sources do not include those 
with LLS < 0.67 h^ Mpc, and are not complete to a fixed 
lower flux density or luminosity limit, they are consistent 
with well-established monochromatic radio power (P) vs. 
LLS plots, that also show little correlation of P with LLS 
over a large range of source size (e.g. Cotter et al. 1996). 

By contrast, when we plot E^j n against LLS or lumi- 
nosity or volume (panels (b), (c) and (d), respectively), 
a striking separation occurs between sources in these two 
different environments. The mean energy and volume of 
cluster sources are smaller by a factor of ~ 100 to 1000. 
Since there is considerable overlap in both luminosity and 
rcdshift for these two groups, these striking differences in 
size and energy (which partially depend on each other) 
cannot be explained by any luminosity or redshift selection 
effect. Since we are observing an ensemble of each type of 
radio source over different evolutionary stages, and since 
Eb will gradually build up over time, the upper envelope in 
Emin ( an d Eb) is significant in the context of this compar- 
ison. For example, in a given ICM or IGM environment, 
£b(£) presumably builds up as the source lobes grow in 
volume, i.e. we would expect some evolutionary migration 
upwards and to the right in the Eb vs. volume plot in Fig. 
1. 

It will be important to understand the cause for this 
large difference in total minimum energy between cluster 
and giant sources. We can hypothesize that the typical 
black hole masses of cluster radio galaxies are smaller than 
the giant sources, so that they inherently release less mag- 
netic energy. Alternatively, arc AGNs in clusters activated 
via a different path than those in the typical IGM? Is mag- 
netic field energy dissipated in a different way when the 
external plasma pressure is different? Unfortunately we do 
not understand these systems well enough to completely 
rule out some of these possibilities. 

If, on the other hand, we make the reasonable assump- 
tion that the magnetic energy produced by the central 
black holes is of the same order for both giant and cluster 
sources, then most (~ 99%) of the cluster source energy 
has been lost to the ICM, so that the inferred E^j n of clus- 
ter core-embedded sources now is only a tiny residue. Note 
that the absolute magnitude of this energy is dependent 
upon various parameters (e.g. the CR proton component) 
and the minimum energy assumption. The latest genera- 
tion of cluster X-ray images enable an independent energy 
calculation for the cluster core sources. For at least two 



sources, Hydra A and Perseus A, the inferred PdV work 
done to produce the observed X-ray "holes" that coincide 
with the radio lobes is 

E pdv » nkTdV ~ 10 59 n_ 3 T 8 l/ 70 ergs (3) 

where n_3 denotes normalization to 10 _3 cm~ 3 , T% to 
10 8 K, and V70 to 10 70 cm 3 , which corresponds to a sphere 
with a radius of 45 kpc. We assume here that the pressure 
and temperature are constant over this region since the 
dimensions of the hot gas voids are small compared to the 
cluster cores. We find that E p dv is roughly the same as the 
estimated E^j n of cluster sources. This implies that the 
magnetic energy output from the central AGNs in clus- 
ters is larger than E p dv by at most a factor of a few. This 
would still leave their estimated total energy release signif- 
icantly smaller than the estimated E^j n for giant sources, 
even with k = 0, which reduces the giant source energy by 
approximately a factor of 10 to ~ 10 59 ~ 60 ergs. Further- 
more, we might reasonably expect that lobes in the IGM 
have experienced an equal or larger PdV work than the 
ICM sources, due to expansion into a much larger volume 
(by a factor of 10 3 ), even though the thermal pressure of 
the ICM is higher than the IGM by a factor of ~ 10 3 ~ 4 . 

Apart from this unresolved energy difference between 
giant and cluster sources, they nevertheless have injected 
an enormous amount of magnetic energy into their envi- 
ronments. We now examine this aspect in more detail. 

3. THE IMPACT OF MAGNETIC FIELDS 

3.1. Magnetic Fields in Intracluster Medium 

As discussed in the Introduction, there is now ample ev- 
idence that large volumes of the ICM are magnetized, with 
a total magnetic field energy > 10 61 ergs within the central 
500 kpc region of normal rich galaxy clusters (Clarke, Kro- 
nberg, & Bohringer 2001). It has been argued (Colgate & 
Li 1999; 2000) that AGNs are responsible for the magne- 
tization of the ICM, motivated by the enormous magnetic 
flux as well as the large magnetic energy in the ICM. One 
central point that was emphasized in Colgate & Li (2000) 
is that black hole accretion disks, besides being respon- 
sible for the magnetic energy, may be the most effective 
magnetic flux multiplier or dynamo in the Universe. A 
total net flux of ~ 8 x 10 4 /xG kpc 2 can be inferred from 
the characteristic size scale of ~ 50 kpc in, for example, 
Hydra A (Taylor & Pcrley 1993; Colgate & Li 2000). 

Depending on the typical total magnetic energy released 
by a single AGN, a total of 10 61 /10 59 - 60 - 10 - 100 AGNs 
are needed in the lifetime of a cluster in order to fill the 
cluster with the measured field strength and flux, i.e. it 
is quite reasonable for AGNs to supply virtually all the 
magnetic energy in a cluster, without the need for other 
processes such as a turbulent dynamo in the ICM. This is 
supported by the recently discovered fact that intracluster 
field strengths out to r ~ 500kpc are a significant fraction 
of those found in the inner r < lOOkpc core zones (Clarke 
et al. 2001). This would considerably relax the require- 
ment for magnetic field amplification by turbulence in the 
inner, high density zones (r < lOOkpc) of cooling flow 
clusters. Alternatively stated, if cooling flow-related tur- 
bulence is a later stage of ICM evolution, the pre-cooling 
flow fields are already nearly as strong (Clarke et al. 2001). 
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Another important effect from these magnetic fields is 
the heating of the ICM due to magnetic energy dissipa- 
tion. The addition of a comparable energy component in 
magnetic fields to the total thermal energy in the ICM 
could potentially change our understanding of the cluster 
structure and energetics in a fundamental way. 

3.2. Magnetic Fields in the Wider Intergalactic Medium 

It has been suggested earlier that the intergalactic 
medium can be permeated by the magnetic fields from 
star-driven, magnetized galactic winds at very early 
epochs, both before z ~ 6 (cf. Kronberg, Lesch, & Hopp 

1999) and since the clusters formed (cf. Volk, & Atoyan 

2000) . The above discussion has focused on an additional, 
and potentially more energetic route for the IGM magneti- 
zation. Just as AGNs can magnetize the ICM, radio-loud 
AGNs outside of clusters can be responsible for the mag- 
netic fields in the wider IGM. An interesting question we 
may ask ourselves is "What happens to those giant radio 
lobes when the central AGN activities have ceased?" We 
now examine this question. 

To estimate the total magnetic energy generated by 
radio- loud AGNs, we make the assumption that individual 
radio-loud QSOs (RLQSOs) will produce roughly similar 
magnetic energies as radio galaxies, which are the sources 
studied here. This assumption is supported by the ob- 
servation that extended RLQSOs have globally similar ra- 
dio properties to radio galaxies at the same cosmological 
epoch. The assumption is important because high-redshift 
RLQSOs may be far more abundant than high-redshift 
radio galaxies, with the result that their contribution to 
magnetic fields in the IGM begins with the cosmic epoch 
at which a significant co-moving density of quasars is built 
up. 

We estimate the mean magnetic energy density from 
RLQSOs as follows: The present total black hole mass 
density based on QSOs is 

Pbh > 2.2 x 10 5 /eo.i M Mpc- 3 (4) 

where eo.i indicates that the efficiency for generating ra- 
diation is 0.1 (cf. Soltan 1982; Chokshi & Turner 1992; 
Small & Blandford 1992). Depending on the QSO lumi- 
nosity function evolution, about half of this mass density 
is already accumulated by z w 2 (cf. Figure 1 of Chok- 
shi & Turner 1992). If we assume that only 10% of all 
QSOs are radio-loud (i.e., make powerful radio jets), and 
for those RLQSOs, about 10% of the black hole accretion 
energy is converted into magnetic fields, then the mean 
IGM magnetic field energy density by z « 2 is 

e B « 5 x 10- 3 (^) pBH « 7.3 x 10~ 17 ergs/cm 3 , 

(5) 

where £rl and cb stand for the fraction of RLQSOs of 
all QSOs and the efficiency for them making magnetic 
fields, respectively This energy density is comparable to 
the thermal pressure of the IGM at z « 2, 

p IGM « 1.6 x 10- 16 (^) ergs/cm- 3 . (6) 

In other words, if all the magnetic field energy were spread 
out throughout the whole universe, the IGM would be a 



ft = Pigm/gb ~ 2 plasma, with a comparable thermal and 
magnetic pressure. 

The actual impact of these magnetic fields on the IGM 
will be determined by whether these magnetic fields can 
indeed fill up the whole (or a significant fraction of the) 
volume of the IGM. Note that the visible magnetized lobes 
are created in a very short time (~ 10 7 ~ 8 yrs) compared to 
the age of the universe. Since they could be over-pressured 
relative to the surrounding medium by a large factor (at 
least ~ 100), further expansion seems inevitable. Esti- 
mates by Furlanetto & Loeb (2001) suggest that the mag- 
netic fields from QSOs can fill up 5 - 20% of the IGM 
volume, comparable to Kronberg, Lesch & Hopp's (1999) 
estimate of the starburst-driven IGM filling that is most 
effective at z > 7. Since magnetic fields made by AGNs 
are likely to be highly structured, we expect that their ex- 
pansion might be quite different from the usual adiabatic 
expansion. However, detailed calculations arc needed to 
show this. 

The physics of this expansion holds the key to a quan- 
titative understanding of the impact of magnetic fields on 
the dynamics of the IGM. Since the QSO activity peaks 
around z ~ 2 — 3, the subsequent baryonic dynamics, and 
the formation of galaxies and of large scale structure ap- 
proaching galaxy scales are likely to be modified signifi- 
cantly by these magnetic fields. 

A highly magnetized IGM appears tentatively consis- 
tent with the discovery of diffuse, 326 MHz synchrotron 
emission well beyond the boundaries of the Coma clus- 
ter of galaxies by Kim et al. (1989). The low-level syn- 
chrotron "glow" that they found extending beyond the 
Coma cluster gave supra-cluster intergalactic B min E val- 
ues between 10 -7 and 10 _6 G over linear dimensions a few 
times the core size of the Coma cluster itself. A conse- 
quence of our suggestion that the IGM is directly energized 
by AGN-generated magnetic flux is that more widespread 
synchrotron glow will seen be over larger IGM volumes, 
which can be tested in future when more sensitive low fre- 
quency radio images are available. 

4. CONCLUSIONS 

We have analyzed the minimum energy content of the 
radio lobes of ~ 100 powerful radio galaxies, ~ 70 of which 
reside in a typical low density IGM and ~ 30 within the 
inner cores of rich galaxy clusters. These two groups show 
a large difference in the estimated total magnetic energy, 
with cluster sources having ~ lO 58-59 ergs whereas giant 
sources have ~ 10 60 ~ 61 ergs. The latter is a significant 
fraction of the total energy released from the formation of 
a typical 10 8 M© black hole. 

We emphasize that the observed magnetic energy under- 
states that made by the black hole accretion, due to var- 
ious losses incurred while magnetic fields expand to form 
the giant radio lobes. This is especially true for cluster 
sources where we find that a comparable or perhaps even 
larger amount of energy is expended as PdV work in dis- 
placing the hot, dense ICM gas surrounding the lobes. 

The storing of large amounts of energy in magnetic fields 
is a unique way for AGNs to impact their surrounding 
medium. The AGN energy released via radiation loses its 
dynamic impact when the medium becomes optically thin. 
By contrast, the AGN energy released via magnetic fields 
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can maintain its dynamical impact over the age of the Uni- 
verse, because most of this energy is contained in a large 
volume around the galaxy. This fact may have important 
consequences for galaxy and structure evolution. 

From our estimated magnetic energies arising from ra- 
dio galaxies in clusters, we argue that these AGNs can be 
solely responsible for the large magnetic energy and flux, 
i.e., the magnetization of the whole ICM, as revealed by 
recent radio and X-ray observations. The magnetic fields 
from these AGNs may also provide an important heating 
source for the whole ICM. 

We further suggest that the total magnetic energy from 
radio-loud QSOs/AGNs is energetically important, espe- 
cially at the epoch of z ~ 2 — 3 when QSO activity peaks. 
Giant lobes from each "magnetic" AGN are usually highly 
over-pressured compared to the typical IGM, thus further 
expansion of these lobes (after the central AGN activity 



has ceased) is likely to provide the space-volume filling 
process that could magnetize the whole (or a significant 
fraction of the) IGM. Detailed calculations of such pro- 
cesses will be presented in future publications. 
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Table 1 — Continued 



Source 


Name 
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Luminosity 


Volume 


E m in(t0t) 


B min (tot) 




Rcfs 
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Fig. 1. — Shown are the observed and estimated quantities tabulated in Table 1. The giant and cluster sources are represented by solid 
diamonds and open squares, respectively. Although the groups overlap in their luminosities, their total minimum energies show a marked 
difference (by a factor of <~ 100). A large difference, ~ 1000, is seen in their estimated volumes as well. Note that three cluster sources, 
1222+131, 1246-410, and 1409+52 arc not plotted because of their small linear size. 
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Table 2 
Cluster source properties 
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